Abstract: Following the collapse of the Early Cambrian archaeocyathan-calcimicrobial reef consortium, the Middle-Late Cambrian -Furongian was an interval dominated by purely microbial dendrolite and stromatolite reefs. However, among these latter, a few exceptional occurrences of metazoan reefs are known. One such reef complex occurs in the late Middleearly Late Cambrian -Furongian portion of the Mila Formation of northern Iran. In the otherwise low-energy interval of this formation, the anthaspidellid demosponge Rankenella hamdii sp. nov. is associated with encrusting Girvanella, eocrinoid plates, rhynchonelliformean brachiopod valves and subordinate hyoliths and trilobites in tempestite shell beds; these beds underwent synsedimentary cementation on the seafloor to form hardgrounds. In the succeeding, higher energy interval, a complex of metre-scale bioherms and (or) taphoherms incorporates toppled or transported Rankenella hamdii in association with brachiopods, echinoderm plates, trilobites and some red argillaceous lime mud. Among these, undoubted reefs were constructed from a framework of digitate Rankenella hamdii with thick Girvanella encrustations. These encrustations locally developed as subvertical columnar ministromatolites, which could also merge laterally to form more extensive masses. Subsequent pervasive cementation generated isopachous rinds that preserved the reef framework intact. Coeval and younger Cambrian anthaspidellid-calcimicrobial reefs are known from California-Nevada and Texas, USA. These were heralds of the Early Ordovician resurgence of metazoan reefs.
Introduction
The ''Cambrian explosion'' ushered in the first globally widespread episode of reef-building involving metazoans. The immediate forerunners of this episode were calcimicrobial reefs, which diversified in the latest Ediacaran and earliest Cambrian (Luchinina 1990) . Metazoans simply took advantage of the niche created by the calcimicrobes (Riding and Zhuravlev 1995; Kruse et al. 1995) . The leading metazoan participants in this Early Cambrian reef phenomenon were the archaeocyaths. The archaeocyaths were sponges capable of secreting a calcitic skeleton; the calcimicrobes concerned, notably Renalcis, Epiphyton, and Girvanella, were most likely cyanobacteria (e.g., Riding 1991), or biofilms calcified via the activity of heterotrophic bacteria (Stephens and Sumner 2002) . Synsedimentary cementation of lime mud by non-calcified microbes was also a major factor in reef construction (Reitner et al. 1995a (Reitner et al. , 1995b Pratt 1995 Pratt , 2000 . The interactions between these and minor constructors, such as the radiocyaths, cribricyaths, and coralomorphs, engendered a variety of reef frameworks characterized by cavities, internal sediment, burrows, borings, fringing talus, and synsedimentary cement (Wood 1999; Pratt et al. 2001) .
A two-phase extinction event toward the end of the Early Cambrian led to the virtual demise of the archaeocyaths and the concomitant collapse of the Early Cambrian metazoancalcimicrobial reef consortium. attributed the first, mid-Botoman phase of the extinction to anoxia owing to eutrophication, and the second, early Toyonian phase to global regression. Debrenne (1991) invoked continental breakup and movement into higher (cooler) latitudes, and the consequent foundering of carbonate platforms. Zhuravlev (2001a, p. 148 ) also called attention to an immediately pre-extinction saturation of the reef biota with specialists, susceptible to an extinction triggered by extrinsic factors.
The late Early Cambrian eruption of the Kalkarindji continental flood basalt province of northern Australia may have provided one such triggering factor (Shields and Evins 2004; Evins 2005; Glass and Phillips 2006; Hough et al. 2006) .
The Middle and Late Cambrian -Furongian were thus depauperate with respect to metazoan reefs, which did not significantly reestablish until the Early Ordovician, when spiculate demosponges (e.g., Archaeoscyphia) and locally, primitive corals (Lichenaria), stromatoporoids (Pulchrilamina) , and receptaculitaleans (Calathium) began to contribute to reef framework construction, predominantly in Note: Specimen P2920 is holotype (denoted by asterisk); all others are paratypes. Multiple entries under individual specimen numbers are for different specimens are averages of several measurements on that specimen or location, whereas the cited total ranges for these measures reflect least and greatest diameter; t, thickness; w, distance between dermal and gastral surfaces (recorded where either spongocoel d or total d not measurable); gs, gastral surface.
Laurentia and also in the Argentine Precordillera, South China, and Tarim (Cañas and Carrera 1993; Zhu 1993; Liu et al. 1997; Webby 2002) .
Several hypotheses have been advanced to account for the lengthy Middle-Late Cambrian -Furongian paucity of metazoan reefs, covering a time span of some 30 million years. Among these, Rowland and Shapiro (2002) discounted primarily biological hypotheses but favoured physicochemical hypotheses invoking nutrient deficiency, high atmospheric CO 2 levels, global warming, and unfavourable seawater Mg/Ca chemistry. Some of these latter were questioned by Zhuravlev (2001a, pp. 143-145) .
The report of sponge-calcimicrobial reefs in the MiddleLate Cambrian -Furongian portion of the Mila Formation of Iran was thus exceptional for this time interval. These authors noted that the anthaspidellid sponge Rankenella contributed to and constituted about 50% of the reefs and was encrusted by ''filamentous bacteria (algae?)'' (Hamdi et al. 1995, p. 368) , accompanied by microburrowed internal micritic sediment and early cement. These reefs are more fully documented in the present paper, based on a separate field study.
Further anthaspidellid-bearing reefs were subsequently reported from the broadly coeval (latest Marjuman or early (Spincer 1996) were constructed by calcimicrobes (notably Girvanella) and the anthaspidellid Wilbernicyathus Wilson, 1950 (which constituted up to 25% of the reef boundstone). Reef framework growth cavities bore cryptic cyanobacteria (see Wood 1999, pp. 61-62) . These anthaspidellid-calcimicrobial reefs were the forerunners of the Early Ordovician metazoan reef resurgence.
Mila Formation

Lithostratigraphy
The type section of the Mila Formation (Assereto 1963; Stöcklin et al. 1964 ) is about 70 km east of Shahmirzad, on the southern slope of Mila-Kuh, some 50 km westsouthwest of Damghan, northern Iran (MK in Fig. 1a) , where it is 585 m thick.
The Mila Formation rests on the Lalun Formation (Assereto 1963), a unit of red, rippled and cross-laminated arkose and subordinate shale capped by a 50 m interval of white to pink, rippled and cross-bedded sandstone including quartz arenite (Fig. 1b) . Ichnofossils in the unit suggest a late Early Cambrian age . Stromatolitedominated microbial reefs in the Lalun Formation near Tuyeh, 60 km east of Shahmirzad (TY in Fig. 1a) , were erroneously reported as archaeocyathan reefs by Lasemi and Amin-Rasouli (2007) ; the presumed ''archaeocyaths'' are in fact columnar stromatolites, thrombolites, and ooids. The Mila Formation is in turn disconformably overlain by limestone and basal conglomerate of the Devonian Geirud Formation.
Five informal ''members,'' subdivided into ''units,'' constitute the Mila Formation (Stöcklin et al. 1964 ). These ''members'' are here referred to as ''intervals,'' given that ''member'' is a formal lithostratigraphic term and that the ''members'' of the Mila Formation are thus far unnamed.
Interval 1 (171 m thick in Shahmirzad section; Fig. 1b Hamdi et al. (1995) and Peng et al. (1999) . 
Biostratigraphy
The Mila Formation is richly fossiliferous and ranges in age from early Middle Cambrian to Early Ordovician.
The abundant trilobites from intervals 2 to 4 of the Mila Formation have been studied by Kushan (1973) , Fortey and Rushton (1976) , Wolfart (1983) , Wittke (1984) , and most recently by Peng et al. (1999) from the Shahmirzad section. These latter authors present the following zonal determinations and correlations with North China:
Interval 2, units 1-2: Iranoleesia Zone, correlative with medial Changhian (Changhsian, Zhangxian) stage.
Interval 2, unit 3: Chelidonocephalus Zone, correlative with late Changhian (Changhsian, Zhangxian) stage.
Interval 2, unit 4: possibly ''earliest upper Cambrian'' as fossils indicative of this age are not known. Peng et al. (1999, p. 6) proposed an unconformity between intervals 2 and 3, which they stated to be ''proved biostratigraphically''.
Interval 3, unit 1: Palaeadotes-Torifera Zone, correlative with Kushanian (Gushanian) to lowermost Changshanian stage.
Interval 3, units 2-4: Prochuangia Zone, correlative with Glyptagnostus reticulatus Zone to Agnostotes clavatus -Irvingella angustilimbata Zone of South China, equivalent to lower half of Changshanian stage.
Interval 4, unit 1: no faunas known. Interval 4, units 2-4: Alborsella Zone, correlative with later Changshanian, Fengshanian and (or) XinchangianTremadocian stages, with uncertainty as to precise age span. Wrona and Hamdi (2001) recorded the trilobite Pagodia sp. from interval 5, presumably from the lower part of this sparsely fossiliferous interval, as that genus is typically Late Cambrian. Additionally, Wolfart (1983) listed the trilobite Illaenus and graptolites Tetragraptus and Didymograptus from the upper part of interval 5, which he considered to be of Early Ordovician (Tremadocian) age.
Other non-trilobite faunas have been described. The stylophoran echinoderm Ponticulocarpus Sumrall and Sprinkle, 1999 has been identified by S.V. Rozhnov (personal communication 2007) from interval 2. A conodont biozonation has been established for the formation (Ruttner et al. 1968; Müller 1973a ). Müller (1973b) recorded the palaeoscolecide sclerites Milaculum from its Upper Cambrian -Furongian portion. Mostler and Mosleh-Yazdi (1976) described a suite of disaggregated sponge spicules (though not including desmas), together with chancelloriids. Wrona and Hamdi (2001) reported the palaeoscolecide sclerites Hadimopanella oezgueli Gedik from beds of interval 3 immediately overlying the sponge reefs described here.
Shahmirzad section
In the Shahmirzad section, the Mila Formation is 454 m thick (SH in Fig. 1a ). The section is astride the road, 3 km north of Shahmirzad, Semnan Province, northern Iran (35848'40@N, 53816'59@E). Strata dip to the south at 508-708. The well exposed strata on the eastern side of the road ( Fig. 2a) were examined during the present study, although the section is also well exposed on the western side (Fig. 2b) .
The sponge reef reported by Hamdi et al. (1995) is in units 1-3 of interval 3 of the Mila Formation (see also Hamdi et al. 1998; Kruse 1998; Kano and Machiyama 1999; Kruse and Zhuravlev 2005 ). Here we additionally report non-reef-forming Rankenella hamdii sp. nov. in a tempestite bed in unit 2 of interval 2. From the correlations of Peng et al. (1999) , Rankenella hamdii in the Mila Formation thus spans the medial Zhangxian to lower Changshanian stages of North China, i.e., probably spanning the Wangcunian to Waergangian stages of South China, and correlative Undillan to Idamean stages of Australia and medial Marjuman to medial-upper Steptoean stages of Laurentia (Shergold and Geyer 2003; Peng 2003) . This indicates an overall late Middle Cambrian to early Upper CambrianFurongian age for Mila Formation Rankenella hamdii.
Rankenella of interval 2
Interval 2 of the Mila Formation yields trilobites, hyoliths, edrioasteroids, stylophorans, eocrinoids, rhynchonelliformean brachiopods, and sponges. The interval comprises yellowbrown, laminated to cross-stratified marlstone alternating repeatedly with grey limestone tempestite rich in eocrinoid plates (encrinites) and rhynchonelliformean brachiopod valves, and with subordinate bioclasts, such as hyoliths and trilobites. One particular decimetre-thick tempestite bed from unit 2 was examined in detail ( Fig. 2c-2e ). Bowlshaped Rankenella hamdii attain at least 2 cm diameter within this bed (Fig. 2e) .
Petrographically, the studied bed includes floatstonerudstone and Girvanella boundstone textures. Principal constituents of transported textures are as follows:
Detrital lime mud with admixed angular-subangular, very fine to medium sand-size quartz, and locally rich in sponge spicules (mainly oxeas up to 0.5 mm long, as well as some indeterminate multiaxial types) Eocrinoid plates of coarse to very coarse sand size, some bearing micrite envelopes neomorphosed to microspar; plates may show a tendency to silicification to chalcedony internally, but lack syntaxial overgrowths Partial and complete trilobite and hyolith skeletal elements up to 7-8 mm long Open burrows up to 1 mm diameter, possibly originally mucus lined, some with geopetal lime mud (now microspar) infills (Fig. 3a) . Aphanitic and clotted-peloidal micrite are associated with pockets of enclosed eocrinoid and trilobite debris. Exposed bioclasts are commonly encrusted by the calcimicrobe Girvanella. Individual Girvanella strands are about 10 m thick (Fig. 6a-6b ). Encrustation around Rankenella hamdii was relatively thin, but locally prominent, forming columnar ministromatolites (Fig. 3b) . As well, Girvanella encrusted eocrinoid and other skeletal fragments to produce oncoids (Fig. 4a ). Principal components of these bound domains are as follows:
Synsedimentarily lithified lime mud, evidenced by internal truncation surfaces (Fig. 8b) and occurrences of apparently unsupported cavities within it (Fig. 3c-3d) ; these cavities commonly bear internal microspar (presumably after original geopetal internal sediment of lime mud), coarse silt-to very fine sand-size peloids and (or) detrital quartz; cavities are occluded by limpid equant calcite cement Girvanella rafts up to 3 cm thick and 25 cm long Ellipsoidal Girvanella oncoids up to 6 cm long Sponge bodies up to 6 cm wide and 25 cm long, with infill of peloidal micrite and bearing abundant oxeas (see Hazeliidae later in the text; Fig. 5 ).
Rankenella reefs of interval 3
Rankenella hamdii is found in the lower three of the four units making up interval 3.
Unit 1, 12 m thick, is of prominent light grey, mainly bioclast limestone including occasionally cross-bedded brachiopod shell accumulations referred to the strophomenate Billingsella (e.g., Mostler and Mosleh-Yazdi 1976) . In places, dense accumulations of Billingsella valves form shell pavements (Fig. 4b) . These beds are up to 2 m thick, with constituent shells 2-3 cm wide. Overlying unit 2 embraces 10 m of white, coarse-grained, slightly glauconitic limestone. In medial unit 1 and lower unit 2, Rankenella hamdii is again preserved toppled or transported within grey, locally reddish bioclast packstone-rudstone. These occurrences are either biostromes or a complex of bioherms and (or) taphoherms; their margins are difficult to distinguish, but lenticular pockets of interstitial high-energy bioclast grainstone-rudstone suggest the latter. These textures are grain-supported bioclast accumulations, mainly of brachiopods, echinoderm plates and trilobites (i.e., bioclast grainstone), locally with internal argillaceous lime mud (i.e., bioclast packstone) now forming more or less peloidal microspar with iron-stained secondary dolomite rhombs imparting the red colour to the sediment (Fig. 3f) .
Within these levels, explanate and widely conical Rankenella hamdii are entombed together with the abovementioned bioclasts in red argillaceous lime mud as described earlier in the text. The mud also bears minor admixed angular-subangular, medium silt-to medium sand-size detrital quartz. Sponges and other bioclasts are in places encrusted by rinds of Girvanella up to 8-9 mm thick. This packstone texture bears apparently unsupported cavities within the mud, some showing geopetal infills of vaguely peloidal microspar with oxeas (Fig. 3e) ; others have isopachous rinds of columnar calcite, presumably after original marine fibrous cement (Fig. 3g ). Yet others have both (Fig. 3h) . All are occluded by coarse equant spar cement. In places the lime mud is significantly peloidal, of medium sand-size peloids (now microspar), with or without abundant shelter porosity within and beneath bioclasts, including Rankenella hamdii (Fig. 8a) .
Rankenella hamdii in these lower levels of interval 3 is a reef dweller (if indeed these are reefs), not necessarily a constructor. However, in upper unit 2 and lower unit 3, Rankenella hamdii combines with Girvanella to construct undoubted reefs. Unit 3 comprises a further 17 m of white, coarse sparry limestone (Fig. 4c) . Among Rankenellabearing bioclast packstone similar to that in underlying levels, incorporating the same range of more or less argillaceous lime mud, Rankenella hamdii was able to locally construct reefs in areas less subject to sedimentation. The reef reported by Hamdi et al. (1995) is from this stratigraphic level. These reefs form a framework of digitate Rankenella hamdii sticks 4-10 mm in diameter, their centres spaced 5-10 mm apart, with thick (up to 15 mm) Girvanella encrustations on gastral and especially dermal surfaces ( Fig. 7c-7d ). These encrustations are commonly observed to be degraded by neomorphism, either to a clotted-peloidal texture or, in extreme cases, to a laminar-pillowed texture of pseudospar ''pillows'' up to 0.4 mm size within microspar envelopes (Fig. 6e) .
In some cases, these encrustations propagate as subvertical 2-3 mm wide columnar ministromatolites of neomorphically degraded Girvanella, spaced 3-6 mm apart or merged laterally to form more extensive masses (Fig. 6c-6d ). Adjacent dark grey lime mud bears scattered bioclasts, mainly oxeas. The mud incorporates apparently unsupported cavities 0.5-3 mm in size, with geopetal clotted-peloidal sediment infills.
As in lower interval 3, some sponge gastrocoels have geopetal infills of fine sand-size peloidal sediment (Fig. 3i) . Others are partially or entirely infilled by bioclast packstone of trilobite, hyolith, brachiopod, and echinoderm fragments and oxeas in more or less argillaceous lime mud identical to that in surrounding sediment.
Subsequent pervasive cementation, forming isopachous rinds up to 4 mm but more typically of the order of 1 mm thick, has preserved the reef framework intact (Fig. 8c) . This cement is radiating columnar (in places fascicular optic) calcite, interpreted as the product of neomorphism of original synsedimentary marine fibrous cement. In some Rankenella hamdii gastrocoels, this cement has been subsequently geopetally infilled by internal sediment of partially dolomitised oxea-bearing clotted-peloidal microspar. A second generation of columnar cement may succeed this internal sediment, prior to occlusion by equant spar (Fig. 3j) .
Adjacent substrate and lateral and overlying sediment forms the same high-energy bioclast(-lithoclast) grainstonerudstone as in lower interval 3: a grain-supported texture of brachiopods, hyoliths, trilobites, and echinoderm plates, the latter with syntaxial calcite overgrowths, together with reworked lithoclasts of Girvanella crust and oxea-bearing automicrite, most with thin Girvanella encrustations (Fig. 4d) . Remaining interstices are commonly occluded by coarse equant spar. Cloudy rims around some non-echinoderm bioclasts imply the former presence of fibrous marine cement.
Systematic palaeontology
Sponge specimens P2920-P2939, with accompanying lithological specimens P2940-P2951, are deposited in the Northern Territory Museum of Arts and Sciences, Darwin, Australia.
Class Demospongea Sollas, 1885 Subclass Clavaxinellida Lévi, 1956 Order Protomonaxonida Finks and Rigby, 2004 Family Hazeliidae de Laubenfels, 1955 Genus ?hazeliid gen. indet. (Fig. 5) MATERIAL: Three specimens P2952-P2954 from interval 2; one doubtful specimen P2955 from interval 3. Middle-Late Cambrian -Furongian, Mila Formation, Shahmirzad, Alborz Mountains, Iran.
DESCRIPTION: Narrowly conical, height 19-20 mm and diameter 4.3-5.8 mm. Spongocoel deep, diameter 1.2-1.6 mm (28%-30% total body diameter). Spiculation an open thatch of small oxeas (length 0.6 mm, width 0.02 mm) oriented subradially or with no dominant preferred orientation; larger oxeas (length 1.0-1.1 mm, width 0.02-0.03 mm) tend to be sublongitudinal. Some thicker (adventitious?) oxeas >0.5 mm length and 0.04 mm width.
REMARKS: Adventitious trilobite and echinoderm fragments are also incorporated among the spicules.
Hazeliids are thin-walled sponges in which the monaxons (oxeas) have a plumose or parallel arrangement into anastomosing or sub-isodictyal tracts (Rigby 1986; Finks and Rigby 2004 ). The present specimens are thicker walled, with a tendency toward radial orientation of the oxeas. They may not be discrete sponges, but alternatively may represent dermal spicule sheaths of Rankenella hamdii (J. Reitner, personal communication 1998).
Subclass ''Lithistida' ' Schmidt, 1870 Order Orchocladina Rauff, 1895 Family Anthaspidellidae Miller, 1889 Genus Rankenella Kruse, 1983 TYPE SPECIES: Arborella mors Gatehouse, 1968 . Middle Cambrian, Ranken Limestone, Soudan, Northern Territory, Australia.
DIAGNOSIS: ''Smooth-walled conicocylindrical, digitate or explanate sponges with deep, cylindrical spongocoels in the former. Skeletal spicule net of regular anthaspidellid type, trabs parallel to gastral surface, and diverging upward toward dermal surface. Differentiated canal systems absent. Some spicular modification in dermal layer'' (Kruse 1983, p. 51; 1996, p. 164) .
DISCUSSION: The type species is restricted to the Georgina Basin, Australia (Gatehouse 1968; Kruse 1983 Kruse , 1996 Mehl 1998) , the known occurrences spanning the first half of the Middle Cambrian in Australian terms. The lowest portion of this range is currently regarded as Early Cambrian on some continents.
Rankenella hamdii sp. nov. (Figs. 2e, 3a, 3c, 3i, 3j , 4a, 7-11; Dermal and gastral surfaces generally smooth, but with occasional protruberances on dermal surface. Trab orientation sublongitudinal adjacent to gastral surface, diverging upward and outward toward dermal surface to intersect it at angles up to about 608. Many specimens show secondary thickening of skeletal net at and near both surfaces. Trabs 0.10-0.28 mm thick, spaced 0.25-0.55 mm apart, linked by dendroclones that in any one ladderlike series have longitudinal spacing 0.06-0.2 mm. Three to about 10 such series coalesce to form each trab. Rare Y-shaped dendroclone derivatives also link trabs (Fig. 10h) . Pentaclonid desmas are also present. Some trabs show indications of coring monaxons (Fig. 10d) , although these could be portions of cladomes of linking dendroclones; in any case, such occurrences are few. In transverse section there are four to about 10 trabs between gastral and dermal surfaces. Skeletal net outlines prosopores 0.14-0.25 mm diameter at dermal surface. REMARKS: The new species shows a similar overall morphological range to the Australian type species, although the occurrence of bowls is a novelty not seen in R. mors. This greater variation in R. hamdii engenders a correspondingly broader range of spongocoel diameters than is reported for the type species. Secondary thickening of the spicule net, adjacent to the dermal surface, is also known in R. mors.
Each component trab in R. hamdii supports more ladderlike series of dendroclones (up to 10) than in the type species (three to four) and a greater number of trabs between dermal and gastral surfaces (three to five in R. mors versus four to about 10 in R. hamdii), but the spicule nets of the two species are otherwise similar. Pentaclonid desmas were reported by Hamdi et al. (1995) from unspecified locations within the spicule net; these may possibly be adventitious spicules, which are locally abundant (Mostler and Mosleh-Yazdi 1976) .
The original siliceous spicules are not preserved because silica is extremely volatile in the carbonate milieu; they have been replaced by calcite spar.
Palaeoenvironment and reef construction
The studied interval of the Mila Formation commenced with a relatively deep, low-energy marine shelf setting in which mud-rich interval 2 was deposited. The sediments supported a varied fauna including vagrant (trilobites), semi-sessile (hyoliths, edrioasteroids, stylophorans) and sessile forms (eocrinoids, rhynchonelliformean brachiopods, sponges). The shelf was subject to high-energy episodes, generating beds of echinoderm-brachiopod-hyolith-trilobite grainstone-rudstone (tempestite), which were subject to synsedimentary cementation on the seafloor to form hardgrounds. These were predominantly encrinites, their early lithification evidenced by encrusting epibionts, borings, and truncation of lithoclasts, which provided the substrate for the further attachment of epibiontic eocrinoids, rhynchonelliformean brachiopods and the spiculate demosponge Rankenella hamdii. The encrinites indicate the dominance of eocrinoids in the hardground community already from late Middle Cambrian time (cf. Droser and Sheehan 1995) .
Shoaling and concomitant increase in background energy and storm intensity led to the accumulation of thicker intervals of grainstone-rudstone, which furnished the substrate for the growth of reefs in medial interval 3.
Red argillaceous lime mud with minor admixed medium silt-to medium sand-size detrital quartz was deposited during low-energy episodes; this mud was likewise rapidly lithified via metabolism and (or) decay of non-calcified microbes and sponges. These processes generated aphanitic and clotted-peloidal automicrite (Reitner et al. 1995a (Reitner et al. , 1995b Neuweiler et al. 1999 ) with pockets of enclosed bioclast debris. Geopetal clotted-peloidal and bioclast sediment infills within sponge gastrocoels and apparently unsupported cavities in lime mud are further suggestive of automicrite. Circular and elongate cavities may represent burrows, or the gastrocoels of sponge container (or sponge body) automi- crites. The latter is suggested, where elongate cavities are surrounded by oxea-rich mud (Fig. 5f ). The ?hazeliid sponges are preserved in this manner.
The low-integration modular sponge Rankenella hamdii was the principal metazoan framebuilder in the reefs of interval 3, its branching and mutually encrusting digitate skeletons producing a sponge framestone where the reefs were preserved in life position. Little mud was able to infiltrate this framework. The framework was strengthened by the binding action of the calcimicrobe Girvanella, which produced encrustations of variable thickness and including columnar ministromatolites. Where maximally developed, these linked otherwise discrete Rankenella hamdii skeletons to create an interlocking framework penetrated by a network of tubular interstitial cavities.
Seafloor cementation of this bioconstructional framework added one or locally two generations of what is now isopachous columnar (in places fascicular optic) calcite, after original synsedimentary marine fibrous cement. Its synsedimentary nature is confirmed by examples of cemented Rankenella hamdii gastrocoels with subsequent geopetal infill of oxea-bearing clotted-peloidal microspar. This cement and internal sediment further reduced the network of interstices. Remaining interstices were finally occluded by equant (burial) cement.
Early versus Middle-Late CambrianFurongian reefs
The bioconstructional roles of the demosponge Rankenella and calcimicrobe Girvanella in the Middle-Late Cambrian -Furongian reefs of the Mila Formation are analogous, respectively, to those of the archaeocyaths and the common calcimicrobes Renalcis and Epiphyton in Early Cambrian reefs. In both cases, either or both groups constructed the primary reef framework, and calcimicrobes typically contributed further in an encrusting role. Further, the metazoans are in both cases Porifera; indeed, Debrenne and Zhuravlev (1994) have argued that archaeocyaths are most closely related to demosponges. Echinoderms played a lesser role, as dwellers, in both time intervals (Kobluk and James 1979; Rozanov and Zhuravlev 1992; Spincer 1996; and herein) .
Many Early Cambrian reefs contain centimetre-scale botryoids of now-calcitised acicular aragonite (e.g., James and Klappa 1983; Wood et al. 1993; Pratt 1994) , whereas these are not known in Middle-Late Cambrian -Furongian reefs. Altogether these observations suggest an interplay of extrinsic environmental factors (change from aragonite seas to calcite seas) and biological factors (poriferan evolution, formation of hardgrounds and reefs on shell beds) to account for the dissimilarities between the reefs of these two time intervals.
The anthaspidellids appeared in the muddy level-bottom environment by the end of the Early Cambrian (Kruse 1996) , at about the same time as the end-Toyonian nearextinction of the archaeocyaths. It is noteworthy that other spiculate demosponges, as well as hexactinellides, were abundant within a variety of Early and early Middle Cambrian communities (Zhang and Pratt 1994; Yuan et al. 2002; Rigby and Collins 2004; Ivantsov et al. 2005) , but due to their thin-walled habit did not form reefs. Only the thick-walled anthaspidellids (true lithistides) were capable of a role as reef-builders.
Another important component of the Middle Cambrian biota were the echinoderms, which furnished the abundant skeletal elements amenable to hardground formation and thereby facilitated anthaspidellid settlement. Echinoderms had appeared as early as the mid-Early Cambrian (latest Atdabanian). At that time they already formed encrinites, at least on the Siberian Platform and Kolyma Uplift (A.Z., personal observation, 1987) ; by the beginning of the Middle Cambrian, eocrinoid-sponge meadows were not uncommon However, other developments were needed to usher in the anthaspidellid-calcimicrobial reef phase by the end of the Middle Cambrian. As mentioned earlier in the text, such reefs were hardground-dependent, and the commencement of hardground formation by the end of the Middle Cambrian was a consequence of an interplay of at least three factors. Firstly, increase in size, thickness, and abundance of lowMg calcite skeletons in a variety of groups promoted the formation of relatively resistant calcareous skeletal substrates (Droser and Li 2001) . Secondly, an increased abundance of dense thickets of echinoderms further increased substrate stability and accumulation rates. Rozhnov (2001) even considered that the echinoderms were primarily responsible for hardground creation because only they were able to generate sufficient skeletal debris to initiate a selfregulatory feedback mechanism of ongoing hardground stabilization and expansion. Both of these phenomena are observed in the Mila Formation: abundant, thick and relatively large low-Mg calcite shells, and dense echinoderm settlements.
The third factor is linked to abiotic events: the commencement of a greenhouse epoch manifested by a wide distribution of carbonate flat-pebble conglomerate and diverse hardground communities (both of which require rapid marine cementation, which is enhanced in calcite seas and greenhouse epochs; Wilson and Palmer 1992) , the disappearance of aragonitic marine cementation, replacement of mostly aragonitic carbonate muds by calcitic muds, and matching replacement of the mostly aragonitic and high-Mg calcitic Tommotian evolutionary fauna by the predominantly low-Mg calcitic Cambrian evolutionary fauna (Zhuravlev 2001a (Zhuravlev , 2001b . Again, the thick shell beds in the Mila Formation contain mainly low-Mg calcitic rhynchonelliformean brachiopod and trilobite skeletons and encrinites, apart from subordinate aragonitic hyoliths.
The late Early Cambrian eruption of the Kalkarindji continental flood basalt province of northern Australia may have contributed firstly to the collapse of the Early Cambrian metazoan-calcimicrobial reef consortium, and secondly to initiation of the ensuing greenhouse epoch (Hough et al. 2006) . Volcanic emanations contain significant amounts of nutrients (such as Fe, Mn, Si, P, NH 4 ), which promote phytoplankton blooms, likely to result in the anoxia postulated by .
Emissions of greenhouse gases from the Kalkarindji continental flood basalt province may have promoted oceanic greenhouse conditions. The principal emission would likely be water vapor, as CO 2 would be mostly sequestered by phytoplankton blooms and by weathering of the subaerial basalt flows themselves (Gislason et al. 2002; Dessert et al. 2003) . Further, increased albedo from emitted dust and sulphur aerosols would have a countering cooling effect. A quantitative assessment of Kalkarindji continental flood basalt degassing is needed.
Palaeogeography
Rankenella has to date been reported from Australia (Kruse 1983 (Kruse , 1996 Mehl 1998 ) and northern Iran . In addition to the reef occurrences described here, the genus is also present, though misidentified, in central Iran. Material housed in the Paleontologicheskiy Institut RAN, Moscow of ''archaeocyaths'' cited by Mel'nikov et al. (1986) from the Kabudan Marble has been reexamined by one of us (A.Z.): specimens identified by those authors as Dictyocyathus, Paranacyathus, and Agastrocyathus are reinterpreted as naturally etched specimens of Rankenella. The Coscinocyathus of Mel'nikov et al. (1986) is an eocrinoid skeletal element. The host formation should thus be correlated with the Mila Formation rather than the Early Cambrian Soltanieh Formation.
Middle and Late Cambrian palaeogeographic reconstructions (e.g., Brock et al. 2000; Smith 2001 ) depict Australia as an integral part of East Gondwana, with the much smaller Iranian fragments located along the ''western'' Gondwana margin adjacent to other central and southeast Asian fragments, Arabia, Tibet, India, and (or) South China. From tectonic and palaeontological data, the Iranian or Lut plate was an extension of the Afro-Arabian plate during the Precambrian and Palaeozoic (Stöcklin 1974; Husseini 1989; Wensink 1991) . Palaeomagnetic data indicate a low latitudinal position of the Lut plate during the Cambrian (Matsumoto et al. 1995) , and all these regions apparently lay within 358 of the Equator.
Migration of the genus Rankenella can thus be envisaged during the Middle Cambrian from its origin in Australia westward around the ''northern'' and ''western'' margins of Gondwana at least as far as Iran. This suggests that the genus should be found in appropriate contexts among the abovementioned intervening Perigondwana fragments.
One possible such occurrence may be surmised for the Kyrgyz fragment. Early Middle Cambrian occurrences of anthaspidellids allied to Orlinocyathus Krasnopeeva (in Vologdin 1962) in the Dedebulak Formation of Kyrgyzstan (Zhuravleva in Teslenko et al. 1983 ) could in fact represent Rankenella. These sponges are reported from reef limestone, in association with hyoliths and echinoderms partly misidentified as algae (A.Z., personal observation, 1990 ).
Summary
The sponge-calcimicrobial reefs in the Middle-Late Cambrian -Furongian of northern Iran are metazoan-moderated reefs atypical of an interval during which reef development was almost entirely microbial. They occur in intervals 2 and 3 of the Mila Formation.
In interval 2, the anthaspidellid demosponge Rankenella hamdii is associated with encrusting Girvanella, eocrinoid plates, rhynchonelliformean brachiopod valves, and subordinate hyoliths and trilobites within tempestite shell beds. These shell beds underwent synsedimentary and early diagenetic microbially induced cementation to form hardgrounds. Petrographically, these beds comprise bioclast floatstonerudstone and Girvanella boundstone textures.
In succeeding interval 3, a complex of higher energy, metre-scale bioherms and (or) taphoherms incorporates Rankenella hamdii in association with brachiopods, echinoderm plates, and trilobites as bioclast packstone-grainstonerudstone. Among these, undoubted reefs were constructed from a framework of digitate Rankenella hamdii with thick Girvanella encrustations. These encrustations locally developed as columnar ministromatolites or merged laterally to form more extensive masses. Subsequent pervasive cementation formed isopachous rinds that preserved the reef framework intact.
Adjacent substrate and lateral and overlying sediment form high-energy bioclast(-lithoclast) grainstone-rudstone of brachiopods, hyoliths, trilobites, echinoderm plates, and reworked lithoclasts.
The Mila Formation reefs, together with coeval and younger Cambrian occurrences in the USA, demonstrate the reef-constructing capacity of Middle-Late Cambrian -Furongian anthaspidellid demosponges. Such anthaspidellidcalcimicrobial reefs were heralds of the Early Ordovician metazoan reef resurgence.
